We analyze the Sivers asymmetry in both Drell-Yan (DY) production and semiinclusive deep inelastic scattering (SIDIS), while considering properly defined transverse momentum dependent parton distribution and fragmentation functions and their QCD evolution. After finding a universal non-perturbative spin-independent Sudakov factor that can describe reasonably well the world's data of SIDIS, DY lepton pair and W/Z production in unpolarized scatterings, we perform a global fitting of all the experimental data on the Sivers asymmetry in SIDIS from HERMES, COMPASS and Jefferson Lab. Then we make predictions for the asymmetry in DY lepton pair and W boson production, which could be compared to the future experimental data in order to test the sign change of the Sivers function.
Introduction
Transverse spin physics has become a very active field of research both experimentally and theoretically, providing valuable information on the hadron substructure. This information is encoded in the so-called transverse momentum dependent parton distribution and fragmentation functions (TMDPDF/TMDPFF) 1,2 . One of the most analyzed spin asymmetries is the Sivers effect, originated from a particular TMDPDF called Sivers function 3 , which reresents the distribution of an unpolarized quark inside a transversely polarized hadron. This function is not exactly universal, but has a time-reversal modified universality 4, 5, 6, 7, 8 , which means that the Sivers function in semi-inclusive deep inelastic scattering (SIDIS) and in the Drell-Yan (DY) process are equal in magnitude but opposite in sign. In this proceedings we review our recent phenomenological extraction of Sivers function 9 from current SIDIS data and the consequent predictions for DY processes, which could be compared with future experimental data.
QCD evolution of TMDs
The energy evolution of a generic TMD F (x, b; Q) 1,2 in the impact parameter space is given by 1,10,11,12 :
where Γ cusp and γ V represent the cusp and non-cusp anomalous dimensions 12 , respectively, and Q i and Q f the initial and final scales. The evolution kernel is valid only in the perturbative region 1/b ≫ Λ QCD . The function F (x, b; Q) represents any TMD, in particular the unpolarized TMDPDF and TMDPFF and the k ⊥ -weighted Sivers function:
In this work we apply the Collins-Soper-Sterman (CSS) approach 13,14,15 , i.e., we choose Q i = c/b as the initial scale (c = 2e −γE ) and perform the resummation at next-to-leading logarithmic (NLL) accuracy.
In the perturbative region 1/b ≫ Λ QCD we can refactorize the TMD F (x, b; µ = c/b) in terms of the corresponding collinear function:
where
i/a (α s /π) n are the perturbative coefficients. In order to extrapolate this result to the non-perturbative large-b region we follow the standard CSS approach 13,15 and introduce a non-perturbative Sudakov factor R N P (x, b, Q):
where b * = b/ 1 + (b/b max ) 2 and b max is introduced such that b * ≈ b at small b ≪ b max region, while it approaches the limit b max when b becomes non-perturbatively large.
The non-perturbative Sudakov factor R NP (b, Q) = exp(−S NP ) has been extracted from experimental data and is mainly constrained by the large Q fits 15,16 . In our work we find a universal form such that can be used to describe the world data for SIDIS at relatively low Q, DY lepton pair production at intermediate Q and W/Z boson production at large Q. It has the form 15,16,17,18 :
for the unpolarized TMDPDFs and TMDPFFs and the weighted quark Sivers function in Eqs. (2), (3) and (4) . Notice that the parameter g 2 is universal. On the other hand, the parameter g 1 depends on the type of TMD. Assuming a Gaussian form we have
and k 2 s⊥ Q0 are the averaged intrinsic transverse momenta squared at momentum scale Q 0 .
Unpolarized q T -spectra
For single hadron production in SIDIS, e(ℓ) + A(P ) → e(ℓ ′ ) + h(P h ) + X, where A (also B below) generically represents the incoming hadron and h the observed hadron, we define the virtual photon momentum q = ℓ − ℓ ′ and its invariant mass Q 2 = −q 2 , and adopt the usual SIDIS variables 19 :
The so-called hadron multiplicity distribution is defined as
where the numerator and denominator are given by
with σ DIS 0 = 2πα
Notice that we have taken the hard factor at leading order (equal to 1) in the above TMD factorization formula and throughout the paper, to be consistent with the resummation order that we implement (NLL). Notice as well that the relevant soft function for each process is already included in the proper definition of the TMDs in each case 1,2 .
For Drell-Yan lepton pair production,
with y, Q, p ⊥ the rapidity, invariant mass and transverse momentum of the pair, respectively, the spin-averaged differential cross section is 20
2 is the center-of-mass (CM) energy squared, and the parton momentum fractions x a and x b are given by
where V′ are the CKM matrix elements and V q and A q are the vector and axial couplings of the Z boson to quarks, respectively. The LO cross sections σ W 0 and σ
where G F is the Fermi weak coupling constant and M W (M Z ) is the mass of the W (Z) boson. In our work we find that, for Q 0 = √ 2.4 GeV and b max = 1.5 GeV −1 , the world data for SIDIS at relatively low Q, DY lepton pair production at intermediate Q and W/Z boson production at large Q can be reasonably well described with
We then use these parameters to perform a fit and extract Sivers function from SIDIS data. Even though the description is just qualitatively good, we emphasize the fact that our formalism is the very first attempt to use a universal form to describe both SIDIS and DY data together, and that we perform the resummation at NLL accuracy. A first attempt to implement the approach presented in [12] has been pursued in [22] .
Extraction of Sivers asymmetry in SIDIS
The SIDIS cross section for a transversely polarized nucleon target is 23,24
where σ 0 = 2πα 2 em xB y Q 2 1 + (1 − y) 2 , and φ s and φ h are the azimuthal angles for the nucleon spin and the transverse momentum of the outgoing hadron, respectively. F UU and F sin(φ h −φs)
UT are the spin-averaged and spin-dependent structure functions:
whereP h⊥ is the unit vector along the hadron transverse momentum P h⊥ . The Sivers asymmetry A sin(φ h −φs)
UT is defined as
In order to fit Sivers asymmetry we parametrize the Qiu-Sterman function T q,F (x, x, µ) following [25] :
We will then have 11 fitting parameters in total: α u , α d , N u , N d for u and d quarks; Nū, Nd, N s , Ns, α sea for sea quarks; β q ≡ β for all quark flavors; and k . We use the MINUIT package to perform the fit and restrict experimental data to: hadron production at JLab 26 with Q 2 = 1.38−2.68 GeV 2 and P h⊥ ≤ 0.5 GeV; hadron production at HERMES 27 with Q 2 ≈ 2.45 GeV 2 and P h⊥ ≤ 0.6 GeV; and COMPASS experimental data 28,29 with Q 2 ≈ 3 − 5 GeV 2 and P h⊥ ≤ 0.7 GeV. We obtain a good overall description of the data with a total χ 2 ≈ 300 for 241 data points, and thus χ 2 /d.o.f. = 1.3. The value of the fitted parameters are shown in the Table. 1.
In Fig. 1 we show the Qiu-Sterman function T q,F (x, x, Q) extracted from our fit for u, d and s quarks. We find that the functions for u and d quarks have similar size but opposite sign 24,30 . The sea quark Sivers functions are not well constrained in the fit. 
Prediction of Sivers asymmetry in DY
For Drell-Yan production,
To obtain the second expression in the above equation we apply the sign change for the Sivers functions between SIDIS and DY processes:
The single transverse spin asymmetry for DY production is then given by
Several experiments are planned to measure the Sivers asymmetry in DY production: COMPASS collaboration 33 , Fermilab 34, 35 and RHIC 36, 37 . Below we present our predictions for A N based on our fit. In Fig. 2 (left) we plot our prediction for Sivers asymmetry A N for DY lepton pair production as a function of x F = x a − x b for COMPASS kinematics. The solid curve is obtained with the parameters in Table. 1, while the band comes from their 1σ error. Since sea quark Sivers functions are not really constrained by the current experimental data, thus if one includes the full uncertainty from the sea quarks the band could be much larger in the region where the sea quarks dominate (e.g., the negative x F or y regions). COMPASS projected their measurement around x F = −0.2, where the estimated asymmetry we obtain is around 3 − 4%, and thus measurable. In Fig. 2 (middle) we show the predicted Sivers asymmetry for the Fermilab kinematics. The proposed "polarized beam" experiment 34 will correspond to 0 < x F < 0.6, while the proposed "polarized target" experiment 35 will correspond to −0.6 < x F < 0.1. The asymmetry we obtain is around 1 − 2%, which we hope could be measured. Finally, in Fig. 2 (right) we show A N as a function of the lepton pair's rapidity y at RHIC kinematics. We find an asymmetry of 2 − 3% in the forward rapidity region, which should be measurable.
W boson asymmetries have also been proposed 8 to measure the Sivers asymmetry, and have been planned at RHIC experiment 36 . In Fig. 3 we show our prediction for A N as a function of the rapidity y for W − and W + boson production. The asymmetry is about 2 − 3%, which we hope can still be measured by the RHIC experiment.
Conclusions
We have performed a phenomenological extraction of Sivers asymmetry from current SIDIS data, paying special attention to the QCD evolution of the TMDs involved and the non-perturbative Sudakov factors. Since one important part of those is spin-independent, we have first found a universal form that allows us to describe reasonably well the world's data for the transverse momentum distribution in SIDIS at relatively low momentum scale Q, DY lepton pair production at intermediate Q, and W/Z production at high Q. Then we performed the fit of Sivers asymmetry using SIDIS data from HERMES, COMPASS and Jefferson Lab, and use it to make predictions for DY, which should be compared to future experimental data in DY production to test its sign change and better constrain the Sivers function for sea quarks.
